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Text of report presented at the meeting of the Presidium of the 

"To ensure during the new five year plan: . . . the perfor- 

Soviet Academy of Sciences on Jan. 21, 1971. 

mance of studies in space for purposes of. . . continuation of 
scientific investigation of the moon and the planets of the solar 
system. . . 11 

from the recommended resolutions prepared for the 24th Congress of 
the Soviet Communist Party, dealing with the five-year (1971-1975) 
plan of development of the national economy of the IJSSR 

ABSTRACT: Results of a preliminary investigation of lunar regolith 
returned by Luna-16 automatic probe are reported. They include 
granulometric data, and description of the optical properties of the 
regolith, and its petrography and mineralogy, as well as analyses of 
different parts of the core fo;. major and trace elements. Isotopic 
composition of the inert gases and some other elements has been 
determined. The Rbbr  age of the regolith is 4.85-4.25 billion years. 

As reported earlier: the automatic probe 18Luna-1611 returned to earth a 
sample of lunar regolith collected in the northeastern part of the Sea of Plenty 
at a point (lat. O.4lfS, long. 56"18'E) about 100 km west of Webb crater (Fig. 1). 

*Pravda, October 29, 1970; Priroda, 1970, No. 12,  pp. 2-9. 
wNumbers in the margin indicate pagination in the foreign text. 
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Figure 1. Map of the Moon: Landing Sites of Luna-16, Apollo-11, and Apollo-12. 
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The Sea of Plenty shows signs of quiet subsidence, it is not encircled by 
mountains and has an irregular shoreline. It is a plain traversed by law (100- 
300m) branching ridges, containing no large craters with ray systems. The 
sample of regolith returned by Luna-16 characterizes a new region of lunar 
plains. We now have samples of the surface rocks from thc three large maria 
lying along the lunar equator on the visible face of the moon; the Sea of Tran- 
quility (Apollo-11): the Ocean of Storms (Apollo-l2), and the Sea of Plenty 
(Luna-16). These samples give u s  a fairly complete picture of the regolith of 
lunar plains . 

The unconsolidated regolith of the Sea of Plenty was sampled with a coring 
tube which penetrated it to a depth of 35 cm and was stoppcd either by solid rock 
or  by large rock f rments .  The core, which filled the tube completely, was trans- 
ferred to a core box in 3 helium-filled chamber. It showed no stratification and 
,,ipeared to be homogeneous, except for the presence of coarser material at the 
bottom end. The weight of the core was 101 g. The regolith is dark-gray (nearly 
black) inequigranular powder, easily molded or  adheres into friable lumps. The 
individual grains are fused, rounded or angular, and their size increases with 
depth. Grains with diameters - 0.1 A’im predomhate. The distribution of the 
g r i n s  in the core is such as might be expected in repeatedly crushed material. 
The median size of the grains increases with depth from 70 to 120 pm, and on this 
basis the core can be chided into several zones: A, B, C, D, and E. Each zone 
was studied separately. Zones A and B extend to rdc#h<f y5 cm G d  are com- 
posed of fine-grained material izth lorcontent of the coarser fraction. Zones C 
and D (15-33 cm) are inequigranular and contain rock fragments and other p a r r  
Iiclez up to 3 mm in diameter. Z m e  E is composed of coarse material and ex- 
tends to the bottom end of the core (33-35 cm) (Fig. 2). 

The thickness of regolith at the point of sampling in the Sea of Plenty is only 
about 35 cm. It is possible, however, that it may be 0.5 - 1 m, o r  even more 
than a meter in thickness at other point. Its thickness then is similar to the 
thickness of regolith in the Ocean of Storms, believed to be 1 - 3 m, and much 
less than the thickness of regolith in the Sea of Tranquility, assumed to be 6 m. 
At  present, we probably do not know the true average thickness of the lunar 
regolith. 

In its natural state the regolith has a density of - 1.17 (1.20) g/cm3. 

By mechanical compaction the density of the regolith can be increased to 
2.3 g/cm3. The heat capacity of the regolith is 0.17 kcalkg deg, thermal can- 
ductivity, 1.9 * loW3 k c a l b  . hour . deg, and resistivity, 3.42 * 106 ohm/m. These 
physical properties of the lunar regolith were determined under a pressure of 

not correspond to the properties of regolith in its natural state. 
for the surrounding medium and a load of 160 k g b 2  on the sample; they do 

Determination of the optical properties of the regolith in the Sea of Plenty 
showed that its average albedo is 0.069, and 0.105 in the immediate vicinity of 
the landing of Luna-16. Direct determination of albedo on the sample gave 0.107. 
Normal albedo is somewhat higher in the red rays:  it is 0.086 in the ultraviolet 
region of the spectrum, 0.126 in the near infrared, and 0.107 in the visible 
region. The reflectivity diagrams clearly show the presence of a specular com- 
ponent, and the angle of maximum reflection of light is slightly greater than the 
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angle of incidence, increasing with the wavelength of the incident light and with 
a decrease in the angle of incidence. 

Microscopic examination of the lunr.? regolith shows that it differs greatly 
from the unconsolidated surface rocks of the earth. Neither does it resemble 
terrestrial volcanic ash. Two principal kinds of particles can be disthguished 
in the lunar regolith: particles of primary magmatic lunar surface rocks, 
similar to ba.aalts, first identified on the gamma-ray spectra of the lunar sur- 
face obtained by Luna-1.0 in 1966 *, and particles which have undergone con- 
siderable alteration on the moon*s surface. Particles of the first kind are 
remarkably fresh and angular, such as can be obtained on earth only by crush- 
ing samples of unaltered rocks, but thc particles of the second kind show un- 
mistakable signs of fusion and agglutination, their surfaces are gias sy,  and 
among them there are spherical soliaEed droplets with vitreous or metallic 
luster, resembling "cosmic spherulestt found on earth. These particles cooled 
rapidly from melts. The appearance of the regolith particles under the micro- 
scope is shown in Fig. 4. The TV image produced by the electron microscope 
shows how large silicate particles are coated by other small particles (Fig. 3). 
The content of different particles in the H.45 mrn fraction of the regolith is 
shown in Table 1. 

TABLE 1 

Abundances of Different Particles in 
+ 0.45 mm Fractions Separated from 
Zones -4, B, C and - D, o/c - -  

i Basalt 

Anorthosite i . I  
Breccia 33.9 

agglutinate 40.0 
Scoria and 

c las s  and 

mineral grair.8 2 .  :\ 
Sphenrles 1 .2  
Piacellaneous 1.2 

_I_ ~- 

' Total number 

of particles 838 

Weight of 
fraction, g 0.23C 0.100 0.580 0.260 u 

Pravda, September 14, 1966. Doklady Akad. Nauk SSSR, 170, No. 3, * - 
p. 561 (1966). 
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'I'here are at least two t-ypes of basaltic particles, reflecting the conditions 
of cooling of balaltic melts: the fine-grained basalts (with glass) (Fig, 5) and 
the coarse-grained basalts of the gabroid type with ophitic te-xture. These coarse- 
grained basaltic fragments account for about 25% of the coarse fraction ( >O. 45 
nim). The principal minerals of these rocks are plagioclase, pyroxenes, 
i-nenite, and sometimes olivine. The proportion of the minerals in different 
fragments varies considerably, and it may be stated with assurance that basaltic 
volcanic activity occurred on the moon, cont-.ibuting to the formation of the 
moon's crust, whose thickness is not accurately known at present. In the 
author's opinion, this universal process of extrusion of easily fused material 
from the depths of the mom (accompanied by degassing) obeyed the mechanism 
of zone melting. White feldspathic grains (anorthosite) occur sparingly in the 
lunar regolith. The origin of lunar anorthosites is not clear, just as the origin 
of terrestrial anorthosites. 

Figure 3. Image of the Fine Fraction of Regolith Particles, 
formed by Secondary Electrons on a TV Screen of an Electron 
Microscope. Large Silicate Particles with nearly Hexagonal 
Cross Section and Growth Lines on the Surface are Partially 
Coated with very Small Particles, 
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Figure 4. Large Fragments of Lunar Rocks Brought Back by Luna-16. 

Upper row: 

Middle row: 

left - fused scoriaceous particle 
right - breccia 
left - two basalt particles, partially porous 

(the light particle is  anorthosite) 
right - breccia 
left - coarse-grained melanocratic basalt 

(gabbro) 
right - two particles of coarse-grained 

leucocratic basalt (gabbro) 

Bottom row: 
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Figure 5. Thin Section of Coarse-Grained Lunar Surface Brought Back by Luna 
16 (Micrograph in Polarized Light, Magnified - 1 O O X ) .  
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The lunar breccias are  cemented lithified rocks formed by compact'on of 
finely crushed material of the regolith. They contain all components of lunar re- 
golith in different proportions, i. e. , grains of primary magmatic, iron-nickel 
particles, etc. Some breccias contain rounded fragmerlts, relatively little 
cement, and are thus easily crushed. Lunar breccias arc magnetic and consti- 
tute up to 4% of ihe particles in the regolith. 

The scorias and agglutinates are small particles fused together to form 
aggregates of very complex branching f o m .  They contain all of the regolith 
components. 

A t  least one half of all the regolith particles show signs of fusion. Some 
particles are  completely glassy, others have been fused on one or  more sides, 
These particles range in color from dark-brcwn to black, depending on compo- 
sition (content cf Fe, Ti, and other elements). Some particles are vesicular, 
scoria-like, others have smooth glassy coatings, They are products of typical 
lunar fusion resulting from instantaneous heating of cold particles. 

The quenched drops or spherules vary in form; thcy may be pear-shaped, 
dumbbell-like, etc., and ;.I color, some are colorless, others milky, greenish, 
yellowish-brown, or opaque. Some spherules are hollow. Their luster ranges 
from vitreous to metallic. They increase in  abundance in the finer fractions of 
regolith. Spherules form at temperatures considerably higher than the melting 
tempratures of rocks, from the spatter of melt. 

Finally, we have the grains of individual minerah which are  represented 
by plagioclase, olivine, anorthite, pyroxenes, spinels, ilmenite, and iron par- 
ticles. The iron-nickel particles in the regolith will be discussed later. The 
abundances of different minerais in the regolith sample are shown in Table 2. 

TABLE 2 

Measurements of Mossbauer Spectra of Lunzr Material 

Fraction of total area of Mossbauer spectrum 
of iron-bearing minerales. 

Mineral 
our measurements I Apollo 11  % 

Ilmenite 7 .7  
Pyroxene (i!).O 
Olivine 18.8 
Iron 4.5 

<I 
6 2  

~ Troilite I Magnetite 

'The content of olivine in the Luna-16 sample is fairly high and similar to that in 
the regolith collected by Apollo-12, and coneiderably higher than in the samples 
of Apollo-11. On the other hand, the content of ilmenite in our sample is similar 
to that in the Apollo-12 samples but much lower than in the iipollo-11 samples. 
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Olivine occiirs in the Luna-16 sample only as  i r regvhr  fragments of single crys- 
tals (in sharply angular particles of different colors) and i a  the fragments of 
gabbro. X-ray diffractioli studies showed no deformation of olivine structure 
and no twinning, i.e., the structure had not been strained. The divine in the 
I-mar regolith is the common a-modification with disordered distribution of 
magnesium and iron jons. A microprobe analysis of a fragment of olivine gave 
the foalowing result (wt. %):  

Si02 - 31;. 0 
hlgO - 27.5 
FcO - 33.8 
c a o  - O . : M  
.Uno - 0 . 9  

CroOJ - 0.15 
AlgOa - 0.05 
Ti02 Q 0.04 
coo - 0.03 
NiO <O.Oi 

98.2 

The fragment was homogeneous and contained 40 mol.% FezSiO4. l'he compo- 
sition of olivine may be represented as follows: 

The most abundant minerals in the regolith are anorthite, aii.gite, and 
ilmenite, in that order. Anorthite occurs z -  .ggregates os small grains in 
Lasalts and gabbro, and in spherules in the line hacticn of regolith. No single 
crystals of anorthite were found. 

Other plagioclases wer?  found in triclinic sk1gle xystals. Augite-pigeonite 
occurs in basalt and gabbro fragments, sometimes as the mosi: abundant mint;ral. 

Distribution of the eleinents in  thin sections of basait was investigated with 
a microprobe and this helped in the identification of the minerals. 

Ilmenite was identified in a gross sample of regolith, where it occasionally 
occurs in in*argrowths with augite. Chromium spinel occurs as dark single 
crystals. The composition of the magnetic material may be illustrated by ~JL 

microprobe analysis of sample 3-4b. Analysis of unpolished sam?le shows 
irregular distribution of Fe, Ni, C r ,  Ti, Si, AI,  Vg, and C:. Areas of con- 
centration of rock-forming minerals and areas of high concentration of Fe and 
Ni (Fe - 6%, Ni N 1%) can be distinguished. A t  some points Fe content =aches 
66% and nickel content, a. Nickel was not detected in the magnecc particles 
by Mossbauer spectroscopy, and x-ray analysis of the iron particles showed 
CY - iron flcamacite) but not taenite. The viilume of magnetic particles in_ the 
regolith sample is less than 1% of the t>tal volume, It is difficilt srt prevent to 
say anything definite about the origin of magnetic 9article.s. A s  will be seen 
later, the content of nickel in all sample5 of lunar rqol i th  (hna-16,  Apollo-11, 
Apollo-12) is five times higher, on the average, than +; baszlts, while the con- 
tent of cotcilt is only 1.5 times higher. A t  the same time, the content of platincids 
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in  the lunar i-egoiith is very iow, while in the iron meteorites it is hundreds oi 
times higher tii'u; in rocks. Samples of lunar regolith were analyzed by micro- 
probe (for principal elemects), mass-spectrometry (for all elements), and by 
spectrometry and activation analysis (for selected elements). 

There is little variation (Table 3) in the composibon of the regolith with 
depth but there is a considerable difference between the composition of regolith 
and basalts. The zomposition of Luna-16 sample is s imi la r  to the composition of 
the Apollo-11 and Apollo-18 samples, except for the contents of Ti, Z r ,  and 
some minor elements (Table 4). 

TABLE 3 

Content of Principal Elements in  Zones A, B, C and D of 
Lunar Regolith and i L  Basalt, wt.%, d3rivs.i iiom X-ray 

- - -  - 
Spectml Analyses. 

41.5 
1 .-I . x 

8 . 3  
3-39 
0.015 
0.31 

0.37 

- 

Large volumes of F, S, C1, and other vdatilss must have escaped from 
the moon, but it is possible that the vesicles, observed in some particles of the 
regolith, contain gases; they are being investigated. 

Comparison of chemical composition of regolith and the solid rocks of the 
three maria shows close similarity and m i w r  variations in the composition of 
both types of rock. The largest difference in the Luna-16 sample is its low Ti 
content. It is practically the same as in the samples from the Ocean of Storms 
(Apoh-12) but is almost two times lower than in the samples from the e a  of 
Tranquility (Apollo-11). Differences in Mg and Fe contents are small (Table 5). 

The crystalline rock; from the Sea or' Tranquility have the highest Z r  con- 
tent, and are enriched in Ti, Y, and Sc. The contents of the principal elements 
and Xi are practically the. -?me in the samples fmm the three maria, and the 
cotitwt of Ni  is remarkab similar in their regoliths. Of considerable interest 
a re  the compositionai difference t ~ + -  
in the three maria. For ex:mp!: ALS of Fe, Ti, and Z r  2 r e  always higher 
in the parent rocks than in t r? 

*eqc lith and the parent rwks ,  identical 

id the content of Ni is always higher 

11 



TABLE 4 

- 
354 

1 .z 
3.6 
4.9 
1 .a 
0.6 

0-24 
0 .01 

0 -02 
1 
0 .OM 

37 

0.7 
0.15 
5.3  
L, .t u3 

7 
0.26 
gu 

7.4 
24 
4.6 

21 
ti.2 
I .3 
4.6 
U .B 
5 .il 
1 .9  
: J . O  

- 

- - 

- 

O q 4  3.5 

Content of Minor and Trace Elements in Luna-16 Sample 
(Mass-Spectrometric and Spectrographic Analyses), ppm 

I 

Llements 

Li  
lie 
F 
1: 
P 
sc 
Ct 
Y 
CO 
Si 
cu 
Zn 
Rb 
Jr 
cs 
%r 
14 f 
\lo 
Ga 
Ge 
. IS  
se 
Ur 
H u 
Rh 
Pd 
-4g 
Cd 
In 
I{a 
Sn 
Sb 
*I*,- 
\v 
.\ u 
‘i 1 
l’b 
I 
Y 
I. a 
c:c 
Pr 
N,1 
Sm 
K U  
Cd 
T I  
DY 
1 io 

i 

Zone A Zone B 

- - 
2.65 
4.5 - 
27 
Gci 
6 5  
tis 

19’ 
.% 
10 
3 
90 
0.06 

39, 
1 . i  
7 

11 
1.3 
0.4 
0.45 
0.% 
0 .C’3 

0.0086 
0.05 
i 
0.06 

42 
1 .6 
U -4 
0.2 

(J.tfic1.23 
0.3 
8.4 
0. is 
7.3 

4 -5 

5.6 
1 .ti 
6 .O 
0.75 
5 .() 
2 .o 
5 .o 
tl.4 
3 .5  

- 

- 

45 

21 

24) 

9 l 

i56 

3.34 

12 

ti .3 

0.26 

3.6 

- 
11 .s 
iJ.36 
u -5 
0.27 
U -044 
u .w37 
u.ui2 
0 .u59 
0 .i5 
u .us 
1 .4 
0.3 

4.7 
U .(lo13 
0 . 2  
6.6 

259 

- 

- 
49 
8 

26 
4 . 7  

28 
6.8 
1.2 
4.7 
1 .o 
5 .s 
2 . 2  
5 . 0  
0 . 4  
3.6 
0 . 3  

Zone C Zone D 

- 
J - 

246 
ti 

23.3 
36 
55.3 
44 w 
35 
33 

- 

5.5 - 

10 

277 

33 I 
“5 
72 
5.; 
til 

l i s  
:It; 
21 .S 

2.7 

4.6 

- 
182 

0.08 
346 

i 
5 

1 -5 
0.3 
0.4 
0.33 

0 -01 
0 -07 
1.3 
0 .08 

- 

- - 

48 
-j 

i.35 
0.2 
7 . 5  

0.5  
ti 
tb-14 

50 
7.2 
23 
4.5 

23 
6.8 
1.4 
5.8 
0.9 
5 .I) 
1.8 
4.7 
0.4 
3 .  i, 

- 

Baea:t 

- - 
181 

5 
511 
20 

42.5 
1% 

147 
13 
‘8 

445 
- 

0.75 

0.3 
1.2 
1.2 
2.5 
2.9 
0 - 7  
1.3 
6 

0 .on 
0.2 

- 

- 
206 

4 
0.5 

9 

7 .7 

58 
7.7 

24.6 
4.8 - 35 
7.1 
1 .z 
4.8  
0.9 
5 . 2  
2 .O 
5 .o 
0 . 4  
3.6 
0.3 

- 
- - 
- 

12 



TABLE 5 

Sea of 
Plenty, 
Luna- 16 

Composition of Regolith and Crystalline Rocks from Three 
Maria (Principal Elements in 7.; Trace Elements in ppm) 

Sea of Tran- 
quility, 

(averages) 
Apoll* 1 

Crystall ine rocks 

Ocean of 
Storms, 
Apollo-122 

Sea  of 
Tranq ui l i t j  Oxides' 

e 1 em en t s Apollo- 11 

s a  of 
Plenty,  

(averages  

0.09 
0 .os 

3.2 
4 5  
170 

1:W 
ci7c 
(i4 
47 
3 H )  
4" 

I1  

- 

- 

I 

U.013 - 

5.9 

3.5 
58.0 

347 
61 
"7 

1%) 
53 
37 
I O  

i14 
I ti9 

4.9 1 

Ocean of 
s:orms 
Apollo- 1 2  

Y 
%r 
v 
5C 
Si 
r.0 
c u  
Li  
Gd 

0.64 
72 

145 

51 
170 
88 
5r 1 
54 
4( 1 

- 

- 
5.5 - 

23 1 
7 w  
45 

110 
55 

!i 
5 

15 
ti 

Regolith 

+--- 
43.8 
19.65 
4.9 

19.35 
7.05 

10.4 
o.:% 
0.15 
0.1% 
0 .  "8 
i) .v4 
IJ .04 

- 
206 
445 

3.5 
54 .O 

Xk) 
42.5 
3 1 

147 
2! ) 
13 

I 1  
- 
7 

43 
1.3 
7 

lti 
8 
I:! 
0.54 
U.12 
0.23 
0.37 
0.05 
0 . 0 3  

2.2 

2.5 

b8 
w 

cub 
4tw 
42 
55 
250 

18 

15 
- 
- 

42 
14 

17 
I:! 
I' j 

3.1 

0.4 
U.18 
tb.25 
U -41 

esciencew, v. 167, 1970, Nh :3918..% ?&!:l. 

TABLE 6 

Th and U Contents, ppm 

1 I I -1 

~~ ~~ 

* Mesa-spectrometric determinations. 
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in the regolith. The close similarity in Ti content in  the parent rocks and in the 
regolith indicates that the regolith was formed -' in  situ and was not brought from 
elsewhere (like volcanic ash). The corltents of Ca and Alincrease in the rego- 
lith. The regclith -2 enriched in plagioclase and impoverished in pyroxene, 
olivine, ilmeiite, and spinel, in other words it is less mafic than the parent 
rocks. The minor lithophile elements, Y, RE, Zr ,  Sc, Th, and U, are enriched 
in the crysts ,line rocks of the  Sea of Tranquility, as compared with similar rocks 
of the other tc.o maria (Table 6). 

The low cmtent of the platinum group metals and gold in the lunar regolith 
has been ncntio,ied already, and although there are still very few data on these 
elements, tht?ir rbundances in the lunar rocks can be tentatively tabulated 
(in PPm) : 

Rock Pt Pd Ir RIA Rh All 
Terrestr:al basalt8 0.02 0.03 - - 0.004 
Cr; ut  s lyne lunar a 

r o c k s  
Apollo- 1 1 samples  - 0.0061 O.Cr4l--O.Oi - - 
Same - 0.1' - - - 0.OOlG' - 0.6!lAY - - 0.001i' - 0.027 6.3 - - 
Apollo-12 samples  
Luna- 16 samples  
LuIa-:6 samp!e 

Regolith 
Apollc- 11 sample 
Luna-16 sample 

Iron meteorite:. 

- 0.04' - - - 0.0021c - 0.01 - 0.027 0.0037 0.002 
' 8  

12.0 3.7 2.8 - - 1.0 
- 

1 Pa-decker. and Wasson, Sc ience .  v .167.  No.3918. 1970. 
2 Morr:son e t  al, Sc ience ,  v .167 .  No.3918. 1970. 
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Determinations of the rare earths have not been conryleted. The isotope 
ratios in the regolith: Li7/Li6 = 12.28, K39/K41 = 14.00*0. 18, and Rb85/Rb87 = 
2.572t 0.04 (in an average sample), correspond to these ratios 9n earth. It should 
be noted that the lithium isotope ratio in metemites is different from that in the 
terrestrial rocks. 

It is known that solar wind causes spallation. Spallation products, Na22, 
A126, and others have been found in the lunar regolith, and A126, for example, 
gives 173& 113 dpm/kg. Investigation of spallation pmducts is continuing and it is 
intended to obtain data for zone A and for  the deepest zone E of the core. These 
data should be very irformative.- 

- 
The infrared spectrum of the regolith has a broad structureless absorption 

band in the region of si.licon-oxygen bond vibrations, Heating of a sample of rego- 
lith in argon atmosp3ere to 1000°C resulted in appearance of well-defined struc- 
ture in this region of the IR spectrum, of absorption bands prcduced by indepen- 
dent Si04 groups and by various silicate structures, tectosilicateb:, etc. It may 
be supposed that heating of the sample removed the effects of irradiation of rego- 
lith. 
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The effect of solar wind, that is, metamictization of minerals and forma- 
tion of spallation products, extends to only a shallow depth in the rock (3-5 cm). 
Measurements of induced activity in the upper and lower zones of the regolith 
are projected, and their results may throw light on the history of accumulation 
of the regolith. 

The Fample of regolith contained unusual assemblages of the inert gases, 
whose content was independent of the depth in the core. The abundances and 
isotopic composition of the inert gases in zone I D of the core are shown in 
Table 7. 

TABLE 7 

Content and Isotopic Composition of Inert Gases in Dust Par- 
ticles 1 0 - 8 ~ ~ ~  

Schaffer and 
I so tope 8 Sea of Plenty. 
md Rocks SP. G7-1 d r Zahringer 

I I I I I 

I I 

I 12.t-i 
0 -0352 

The predominant components of the inert gases are the gases of the solar 
wind. Their composition differs sharply from the composition of the terrestrial 
and meteoritic gases, and their concentration is very high, higher by several 
orders of magnitude than on earth o r  in meteorites. The contents of He and Ne, 
however, are similar to those in some meteorites enriched in the inert gases. 
The argon isotopic composition is unusual, the A+O/AI? ratio is near unity, but 
the AI?/A$~ - 5.25 ratio is the same as on earth. The amount of A+0 is 4-5 
times greater than can be formed in rocks by decay of K40. The xenon isotopic 
composition also differs from that on earth and is being investigated further. 
The Sea of Plenty regolith is nearer in the coAent of inert gases to the regolith 
of the Sea of Tranquility than to the regolith of the Ocean of Storms. The f i r s t  
determinations of the age of the 'moon by the Rb/Sr methoci on the regolith fines 
gave 4. 85 109 and 4.25& lo9 vears. The average ages by the isochron method 
are 4.45 lo9 and 4. 6&109 years. The same ages were obtained from the 
Pb206/pb20 7ratio. The samples from three maria give practically the same age 
for the moon, corresponding to the age of the earth. It is difficult to date the 
moon by the K/Ar method. The exposure age of the regolith is of particular 
int e re s t. 
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It may be concluded that the lunar rocks from the three maria are of the 
same composition, all are basalts differing very slightly in composition. These 
compositional variations may be ascribed to the different conditions of formation 
of parent magmas (by zone melting). The compositional differences among the 
regolith samples from the three maria also are slight and may be explained by 
somewhat different postdepositional history of the rocks . 

The rocks of the Sea of Plenty are chemically nearer to the rocks of the 
Ocean of Storms, but the content of the inert gases in the regolith of the Sea of 
Plenty is nearer to that in the regolith of the Sea of Tranquility. 

Let us pass now to some preliminary conclusions. It is pEmature to make 
any definite statements concerning the character of the processes on the hinar 
surface. We shall use the results of investigation of the Luna-16 sample and 
compare them to the published data on the Apollo-11 and Apollo-12 samples. 
The rocks from the Sea of Plenty, Sea of Tranquility, and the Ocean of Storms 
are remarkably alike petrologically, mineralogically, and chemically, but there 
are minor compositional variations. The vast maria, lying along the lunar equator, 
are depressions flooded with m'afia lavas. Long ago, during the time of intensive 
volcanism on the moon, great volumes of basaltic magma were extruded and its 
volatile components were dissipated. The variations in the contents of Fe, Ti, 
Z r ,  Ba, and other elements in lunar basalts may be explained by the conditions 
of extrusion, depth of magma chambers, temperature, and some other factors, 
for example, the content of iron in the parent magma. It is possible that anor- 
thosites, rhyolites, and other differentiates of basaltic magma occur on the 
moon. The thichess  of the basaltic crust of the moon is not known. 

The age of the surface lunar rocks, i. e., the age of the moon, is the same 
as  the age of the earth. Lunar %east? are covered with regolith of variable 
thickness, at the point of sampling in the Sea of Plenty it is no more than 0.5 m 
thick. The range of variation in the thickness of the regolith probably amounts 
to a few meters. The regolith is a m w r e  of lithic fragments, and mineral 
grains of different size, color, and shape. Some graks are rounded by fusion, 
others are angular. The proportion of different grains varies with depth, but no 
stratification was observed in the Luna-16 core. The regolith was formed by 
crushing of rocks at high temperature, as  indicated by the presence of fused 
grains and glassy spherules. The lunar regolith does not resemble terrestrial 
volcanic sand. Its coniposition is slightly different from the composiiion of solid 
Iunar rocks, it is poorer in mafic components, and must have lower melting tem- 
perature than the primary basalts. Before discussing the origin of lunar regolith 
let us  consider the principal factors of lunar Weathering". One of these is the 
temperature change from lunar day to lunar night, amounting to - f 100°C, to 
xhich the lunar surface has been subjectedfor billioas of years. Another factor 
is irradiation of the Iunar surface by solar wind and galactic cosmic rays. The 
near vacuum environment of the lunar rocks and meteoritic impacts must also 
be considered. The sharp temperature changes must affect the strength of the 
lunar rocks but the importance of this factor cannot be estimated at present. 
The effect of soIar wind and galactic radiation is much greater. Our observations 
show that the regolith has been affected by solar wind to a depih of 35 cm, for a 
sample from zone E had a very high content of the neutral solar gases, and the 
infrared absorptionspectrum of core revealed signs of irradiation, We must 
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await the results of determination of the spallation products in the deeper zones 
of the regolith before deciding whether its material undergoes mixing in - situ, 
or whether the history of its formation is recorded in it layer by layer. 

Penetration of radiation is not deep, a few centimeters of rock. Investi- 
gation of metamict minerals, containing radioactive elements, shows that they 
are weakened, their structure is deformed, etc. , but metami,kization does not 
destroy them completely. The sample of lunar regolith is beiJig :'izvestigated now 
for signs of metamictization. Lunar surface rocks are irradiate2 d t e r  crushing, 
solar wind does not participate directly in formation of regohth .'Its fusion) but 
does affect the strength of starting material. It is usual to ascribe the formation 
of maria, and of their regolith, to meteoritic impacts. It is interesting to try 
and visualize the fall of meteorite swarms on the visible face of the moon, on 
the maria located along the lunar equator. It is difficult to explain why meteorite 
swarms should have fallen only on the visible-face of the moon, on that part of it 
which is most convex in the earth's direction. The most reliable proof of the 
9vork" of meteorites would be discovery of meteorites on the moon's surface, 
but meteorites and micrometeorites impact on the moon with cosmic velocities, 
and experiments and calculations show that one gram of meteoritic matter im- 
pacting on the moon is capable of exploding, crushing from one hundred to a 
thousand times as much of lunar rocks. During this process rock fragments 
leave the surface of the -.loon at great velocities, and a part of them may leave 
the gravitational field oA :he moon and fal l  on earth (as, for example, eucrites). 
This possibility must be borne in mind in considering the origin of lunar repli th.  
It may be assumed that a certzin portion of meteoritic matter, very small per- 
haps, will remalLi on the moon's surface. Preliminary data on the presence of 
meteoritic matter in the lunar regolith were given above. There is no doubt of 
its preeance, but. this fact in itself is not sufficient to explain the formation of 
all of the lunar regolith by meteoritic impact. 

One more point should be brought out. The most characteristic feature of 
lunar volcanism is extrusion of basaltic lavas into high cosmic vacuum. Lunar 
magmas rise to the surface and burst through the roof rocks with explosive force. 
Liquid magma must spatter on reaching the vacuum and its volatile components 
must escape with very high velocities. It would be highly desirable to devise an 
experimental model of this process, the results should be quite valuable for 
solving the problem of origin of the lunar regolith, and also throw light on the 
geochemical processes on the earth during the first billion yesrs of its evohtion. 

Despite its relative shortness, the study of material brought back by Luna- 
16 has very clearly indicated three geochemical problems which hopefully can be 
solved. These are: aj origin of the regolith, b) the fraction of meteorite material 
in the regolith, and c) the basalt melting mechanism and composition. 

Even though we now only have a vast amount of unreduced factual data on 
the lunar surfEce material from only a few sites, we think that it w i l l  be possible 
to derive some general relationships in  the next few years and thus solve the 
principal problems of lunar evolution. 

Translated for the National Aeronautics and Space Administration by 
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